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ABSTRACT 

Context. Several diagnostics ranging from the radio to the X-ray band are suitable for investigating the magnetic activity of late- 
type stars. Empirical connections between the emission at different wavelengths place constraints on the nature and efficiency of the 
emission mechanism and the physical conditions in different atmospheric layers. The activity of ultracool dwarfs, at the low-mass end 
of the main-sequence, is poorly understood. 

Aims. We have performed a multi-wavelength study of one of the nearest M9 dwarfs, DENIS-P J104814.7-395606 (4pc), with the 
aim to examine its position within the group of magnetically active ultracool dwarfs, and, in general, to advance our understanding of 
these objects comparing them to early-M type dwarf stars and the Sun. 

Methods. We have obtained an XMM-Newton observation of DENIS-P J104814.7-395606 and a broad-band spectrum from the 
ultraviolet to the near infrared with X-Shooter. From this dataset we obtain the X-ray properties, stellar parameters, kinematics and 
the emission line spectrum tracing chromospheric activity. We integrate these data by a compilation of activity parameters for ultracool 
dwarfs from the literature. 

Results. Our deep XMM-Newton observation has led to the first X-ray detection of DENIS-P J104814.7-395606 (logLx = 25.1) 
as well as the first measurement of its V band brightness (V = 17.35 mag). Flux-flux relations between X-ray and chromospheric 
activity indicators are here for the first time extended into the regime of the ultracool dwarfs. The approximate agreement of DENIS- 
P JI04814.7-395606 and other ultracool dwarfs with flux-flux relations for early-M dwarfs suggests that the same heating mechanisms 
work in the atmospheres of ultracool dwarfs, albeit weaker as judged from their lower fluxes. The observed Balmer decrements of 
DENIS 1048-3956 are compatible with optically thick plasma in LTE at low, nearly photospheric temperature or optically thin LTE 
plasma at 20000 K. Describing the decrements with Case B recombination requires different emitting regions for Hq and the higher 
Balmer lines. The high observed Ha/H/3 flux ratio is also poorly fitted by the optically thin models. We derive a similarly high value 
for the Hq/H/3 ratio of vB 10 and LHS 2065 and conclude that this may be a characteristic of ultracool dwarfs. We add DENIS- 
P J104814.7-395606 to the list of ultracool dwarfs detected in both the radio and the X-ray band. The Benz-Giidel relation between 
radio and X-ray luminosity of late-type stars is well-known to be violated by ultracool dwarfs. We speculate on the presence of two 
types of ultracool dwarfs with distinct radio and X-ray behavior. 

Key words. Stars: activity, chromospheres, coronae, late-type, individual: DENIS-P J104814.7-395606, X-rays: stars 

1 . Introduction dSchmittet aLlllQQS V Strong variability is typical for all radia- 
tion originating from magnetic activity, and flares belong to its 

Late-type stars have long been known to display signa- most obvious manifestations. 
tures of magnetic a ctivity evidencing solar-like dynamo action 
(iRosner et aLlll985h . Diagnostics of activity are available across 

all the electromagnetic spectrum of such stars. The various in- In particular, in dM(e) stars ("flai-e stai-s") the activity is ubiq- 
dicators of magnetic activity probe different layers of the atmo- uitous and flares are more frequently observed than on the Sun. 
sphere. In the radio band, gyrosynchrotron emission fro m elec- What happens at and beyond the cool end of the main-sequence 
trons moving in the coronal magnetic field is observed (iGiidell (spectral types from late-M to L) is less clear. Very low-mass 
119941) . The opti cal regime is chara cterized by chromospheric (VLM) stars and brown dwarfs (BDs) are thought to be fully 
emission lines ("Hawle v et al.1 Il996h . and the X-ray band dis- convective and hence a solai--type dynamo is not expected to 
plays thermal emission from heated plasma in coronal loops work. Throughout this paper we refer to objects with spectral 
type equal to or later than M7 as ultracool dwarfs (UCDs), re- 
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Various optical/infrared emission lines, such as the Balmer 
series, Ca II H&K, Ca Infrared Triplet (Ca II IRT), and several 
He I lines, trace the chromospheric activity of late-type stars. 
Empirical relations between the fluxes emitted in these diag- 
nostics yield information on the physical state and origin of 
the emitting plasma, and their dependence on stellar parameters 
such as spectral type allow to unveil how universal the proper- 
ties of chromospheres are. Such flux-flux relations have to our 
knowledge never been examined for UCDs where Ha emission 
is usually the only available observable of chromospheric activ- 
ity. 

Surveys of chromosph eric Ha activity in UCDs in the 
solar neighborhood (e.g. Gizis et al.' '2000"; 'Reid et al.1 l2002t 
[Mohanty & Basri 2003; Schmidt etal. 2007) have shown that 
Ha emission reaches a maximum at spectral type M7, and fades 
off for the latest M dwarfs. The X-ray regime is widely unex- 
plored beyond spectral type M6. Generally, only upper limits 
for the X-ray luminosity (ix) are available for a small number 
of UCDs in the field, and are quite ill-constrained. A possible 
explanation for the de cline of the Ha activity was put forth by 
iMohantv et al.l (|2002|) who suggested that chromospheric emis- 
sion might be suppressed because the high electrical resistivity 
in the cool, neutral atmosphere prevents build-up of substan- 
tial magnetic stress. Similar arguments might explain the ap- 
parently weak X-ray coronae of UCDs. Direct magnetic field 
measurements by means of near-infrared (NIR) spectroscopy 
have demonstr ated the presence of kilo-Gauss fields on UCDs 
(iReiners et al.l '2()b9) but it is unclear at present if these fields 
have a structure that is adequate for storing energy. On the other 
hand, UCDs seem to be overluminous in radio by factors of 
> 1000 with respect to t he Lr vs. Lx relation observed for 
earlier-type active stars (Be rger et al.l l2005). The detection of ra- 
dio emission indicates a high-density electron population and the 
presence of magnetic fields. 

A handful of M8 to early-L dwarfs in the solar neighbor- 
hood has been found to undergo extraordi nary strong Ha, ra- 
dio or X-ray emission (for refer ences see iLiebert et alJ [20031 
iBergerf l2006t IStelzer et al.1 l2006l) . In most of fliese cases the 
emission seems to be due to flares. Studies of UCD radio 
properties showed in some objects the presence of a highly 
circularly polarized pulsed emission component overlaid on 
their quiescent, non- variable (g yro-synchr otron) emission (e.g. 
iBurgasser & Putmanl l2005: Halli nan et al] l2006. 2008). The pe- 
riodicities of the spikes are consistent with the rotational ve- 
locities of the objects implying an origin in a beaming mech- 
anism. This radio component has been attributed to the electron 
cyclotron maser (ECM) instability, a phenomenon seen in solar 
system giant planets rather than in stars. 

Seeking to provide further constraints on the radio/Ha/X-ray 
connection of UCDs, we have observed DENIS-P J104814.7- 
395606 (henceforth DENIS 1048-3956) with XMM-Newton. 
DENIS 1048-3956 is one of the nearest UCD (4.00 ± 0.03 pc; 
ICosta et al.1,2005.) . It was classified as an old M9 dwarf beca use 
of the absence of lithium absorption (iDelfosse et al.ll200TI) . A 
huge chromospheric flare, identified in a sequence of four high- 
resolution spectra, has been reported by Fuhrmeister & Schmitt 
(l2004 . Mass motions related to the flare were inferred from the 
detection of blushifts in some emission lines, and interpreted as 
rising gas cloud. Radio bursts wer e observed on DENIS 1048 - 
3956 indicative of ECM emission ("Burgasser & Putmanll2005l) . 
but its radio spectrum shows a negative slope typical for gy- 
rosynchrotron emission (Ravi etal. 2011). No X-ray e mission 
could be detected with ROSAT (iSchmitt & Liefk3l2004 . 



Here we present a deeper X-ray image of DENIS 1048-3956 
obtained with XMM-Newton and a new broad-band spectrum 
covering the full optical range and the NIR obtained with X- 
Shooter at the VLT. The data analysis and results from these 
two observations are presented in Sects. |2] and [3] respectively. 
In Sect, m we put our findings in context of magnetic activity 
on other UCDs and earlier-type M dwarfs. We present for the 
first time flux-flux relations between chromospheric and coro- 
nal radiation involving UCDs. We compare the observed Balmer 
decrements of DENIS 1048-3956 to those of other late-type 
dwarf stars and to theoretical predictions from which we obtain 
clues on the physical conditions of the emitting region. Finally, 
we discuss the connection between radio and X-ray emission of 
UCDs including the new data for DENIS 1048-3956. AU this 
is achieved by making use of an updated compilation of the 
X-ray, Ha and radio properties of UCDs. We have also anal- 
ysed archived and as yet unpublished X-ray data for two UCDs, 
DENIS-PJ1228.2-1547 (henceforth abbreviated DENIS 1228- 
1547) and PC0025H-0447. A summary of our results and con- 
clusions are given in Sect. |5j 



2. XMM-Newton data analysis 

DENIS 1048-3956 was observed by XMM-Newton for 20ksec 
on Jan 17, 2010 (Obs-ID 0600410101). XMM-A^ewfo« acquired 
both X-ray and optical data for DENIS 1048-3956 using EPIC 
and the Optical Monitor (OM). These data were analysed with 
Standai-d XMM-Newton Science Analysis System (SAS) soft- 
ware (v9.0). 

2.1. X-ray data 

This data analysis closely follows the pr ocedure that was de- 
scribed in detail by iBarrado et alJ (1201 ih and we briefly sum- 
marize here the individual steps. We first created photon event 
fists with the metatasks EPCHAIN and EMCHAIN for EPIC/pn 
and EPIC/MOS respectively. After standard data filtering we 
performed source detection for each of the three detectors. 
DENIS 1048-3956 is detected as a weak X-ray source on 
EPIC/pn but not on the two MOS detectors. Most of the pho- 
tons detected in EPIC/pn have energies < 2keV. Therefore, 
to maximize the sensitivity, in a second step we merged the 
data of all three instruments and then repeated the source de- 
tection procedure on the merged data for energies between 0.2 
and 2.0 keV. Taking account of the different relative sensitiv- 
ity of EPIC/pn and EPIC/MOS by scaling the exposure maps 
of EPIC/pn accordingly, the resulting combined data set has 
an effective EPIC/MOS exposure of 101 ksec at the position of 
DENIS 1048-3956. We then repeated the source detection pro- 
cedure on the merged data, and found a source count rate of 
(1.16 ± 0.14) lO-^cts/s for DENIS 1048-3956. 

Due to the low photon statistics we attempt no spectral anal- 
ysis and assume a plasma temperature between 0.6...1.0keV to 
estimate the flux with help of PIMMSQ. This yields an intrinsic 
X-ray luminosity of logix [erg/s] = 25.1 with practically no 
dependence on the temperature within the assumed range. Our 
measurement is consistent with the u pper hmit measured from 
j;05Ar data (log Lxferg/s] < 26.3: ISchmitt & Liefkell200l . 
iFuhrmeister & SchmittI (|2004|) give a bolometric luminosity of 
1.5 • 10^°erg/s using d = 4.6pc. Correcting this value for our 



' The Portable Interactive Multi-Mission Simulator is available at 
|http://cxc.h arvard.edu/toolkit/pinims . jsp, 
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Table 1. Summary of OM observations and results for DENIS 1048-3956. 



Exposure number 





006 


007 


008 


009 


Oil 


Date-Obs [JD-2455214] 


0.025463 


0.067014 


0.107639 


0.184028 


0.221065 


Expo [s] 


4400 


4380 


4200 


3000 


2200 


02000 [hh:mm:ss.ss] 


10:48:13.57 


10:48:13.58 


10:48:13.58 


10:48:13.56 


10:48:13.55 


(52000 [dd:mm:ss.ss] 


-39:56:16.87 


-39:56:16.85 


-39:56:16.90 


-39:56:16.82 


-39:56:16.89 


Vins [mag] 


17.32 ± 0.03 


17.26 ±0.03 


17.37 ±0.03 


17.42 ± 0.04 


17.40 ± 0.04 



updated distance estimate, the fractional X-ray luminosity of 
DENIS 1048-3956 is log (Lx/iboi) -5.0. 

We extracted a lightcurve for DENIS 1048-3956 and 
searched for variability with a maximum likelihood (ML) 
method that divides the sequence of photons in intervals of 
constant signal and subtracts the bac kground from the photon 
time series on a statistical basis (see IStelzer et alJl2007i) . Two 
short and weak flare-like intensity enhancements are seen in the 
binned lightcurve. Only one of these events is recognized by the 
ML algorithm at 95 % significance. 

2.2. Optical data 

During the X-ray observation the Optical Monitor (OM) was 
operating in the Fast Mode with the V band filter. The cen- 
tral Fast Mode window has been used with a time-resolution 
of 10 sec. A larger image window recorded contemporaneously 
with the Fast Mode data an image of the region around 
DENIS 1048-3956. The maximum allowed exposure time for 
the chosen Fast Mode setup is 4400 ksec. Therefore, the OM 
observation was divided into five consecutive exposures (see 
Table [T]). The OM data was processed with standard SAS pro- 
cedures. 

There is no obvious variability in the 10 s-binned lightcurves. 
However, a comparison of the average brightness levels of the 
five exposures shows small variations with minimum count rate 
of 1.45 ± 0.05cts/s and maximum count rate of 1.65 ± 0.04cts/s 
for DENIS 1048-3956, i.e. variations at a 2 cr level on timescales 
of a few hours. 

The time-averaged instrumental magnitude of DENIS 1048- 
3956 derived from the Fast Mode data is Vins = 17.35 ± 
0.02 mag. This number can not be converted to standard mag- 
nitude with the SAS procedures because observations were per- 
formed in a single filter and, consequently, no color informa- 
tion is available. We have estimated the conversion factor from 
instrumental to standard Vstd band magnitude using our previ- 
ous experien ce with the OM. In o ur survey of the young cluster 
Coninder69 dBarrado et al.l201 2) B and V band exposures were 
obtained and the (standard) B — V derived for the objects in this 
field covers a wide range. For an M8 dwarf the expectecfl B — V 
is 2.2 mag, and for this value we find from the parabolic rela- 
tion between Vms — Kitd and {B — V)std for Collinder69 a cor- 
rection factor of 0.11 mag, i.e. Vstd — 17.24mag. Combining 
this with the B band measurement of DENIS 1048-3956 from 
the literature we obtain B — V = 1.76 mag, much smaller than 
the assumed value. While this difference may be due to intrin- 
sic source variability of the non-contemporaneous data, there are 
no good constraints on the blue colors of late-M dwarfs. If we 
assume the lower value for B — V that we derived above, the 
filter transformation factor reduces to 0.075 mag, and Vstd = 
17.28 mag. Further iteration does not yield significant changes. 

^ http://www.pas.rochester.edu/~emamajek/memo_M.html 



Therefore, we adopt an uncertainty of ±0.04 mag and a value of 
Vstd = 17.35 ±0.04 mag. 

The Image Mode data do not yield additional brightness 
information but they can be used for a comparison of the present- 
day position of DENIS 1048-3956 with its position expected 
from its proper motion given in the literature. A boresight cor- 
rection needs to be applied to take account of small OM point- 
ing errors. The OM images have artifacts such as ghosts. In 
principle, the Qflag in the source list may be used to iden- 
tify reliable sources. However. iKuntz et al.l (l2008h describe that 
the SIGN IF parameter is a better indicator for the reality of 
a source than the Qflag- We selected by visual inspection a 
number of optical sources with 2 MASS counterparts distributed 
across the OM image but avoiding areas with obvious artifacts. 
Then, we cross-correlated the positions of the selected objects in 
the two catalogs and searched iteratively for the mean offset in 
a and 5. The results are Aa = —0.06" and A(5 — — 1.71" for 
Expo.N o.006. These values are in the range cited by iTalaveral 
(l2009l) for the typical OM pointing accuracy. 

3. X-Shooter data analysis 

DENIS 1048-3956 was observed on Apr 06, 2010 with the 
X-Shooter spectrograph at the VLT (ES Q; Chile). The dat a 
were acquired within the INAF/GTO time dAIcala et al.ll201 ih . 
With its three spectrograph arms, X-Shooter provides simul- 
taneous wavelength coverage in the spectral range 3000 — 
24800 A. SHt widths of 0.5"/0.4"/0.4" were used in the 
UVB/VIS/NIR arms, respectively, yielding spectral resolutions 
of 9100/17400/11300. The total exposure time in each of the 
three spectrograph arms was 1200 sec. The data were obtained in 
the so-called nod mode and were reduce d independently for eac h 
arm with the X-Shooter pipeline vl .0.0 (Modigliani et al.l2010l) . 
following the standard steps: bias or dark subtraction, flat field- 
ing, optimal extraction, wavelength calibration, and sky subtrac- 
tion. The final outcome of this procedure is a one-dimensional 
spectrum that we have flux calibrated using a standard star ob- 
served during the same night and corrected for atmospheric ex- 
tinction with our own IDL[f| routines. 

The flux-calibrated spectrum of all three arms is shown in 
Fig.[T] At the conjunction of two arms (UVB/VIS and VIS/NIR) 
the match of the flux scale is excellent. Photometry from the 
literature is overlaid, providing further evidence for the high 
quality of the flux calibration. Note especially the very good 

^ The Interactive Data Language (IDL) is a trademark of ITT Visual 
Information Systems. 

The BRioJKs magnitudes are from iPelfosse et all d2001h , 
JHKs magnitude from 2 MASS and the V magnitude from 
our measurement with the XMM-Newton OM presented in 
Sect. [2] The B and R photometry has been converted from 
USNO to the standard system using the equations given on 
|http://www.britas tro.org/asteroids/USNO% 20photometry.htm. 
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300 1000 2000 

X[nm] 

Fig. 1. Broad-band flux-calibrated X-Shooter spectrum of DENIS 1048-3956. The spectra from the three X-Shooter arms are shown 
in different colors. Published photometry from the literature is overplotted. The 2 M ASS JHKs magnitud es are shown with a 
slightly different color to distinguish them from the DENIS JKs photometry given by Delfos se et al.l (|2001). At the blue end the 
spectrum is dominated by noise due to the intrinsic faintness of DENIS 1048-3956. Telluric absorptions are clearly visible especially 
in the NIR spectrum. 



agreement of our V band measurement from the XMM-Newton 
OM with the X-Shooter spectrum. A discrepancy of roughly a 
factor of two between the photometry and the X-Shooter spec- 
trum is present in the NIR, possibly due to residual problems 
with the flux calibration of the NIR spectrum. Note, however the 
good match of the NIR and the VIS spectrum. We do not know 
the origin of the offset between the NIR spectrum and photom- 
etry but we do not give much weight to it because, in practice, 
our data analysis concentrates on the UVB and VIS spectra. 

The spectrum of the VIS arm (550 - 1050 nm), properly 
corrected for the telluric absorption, was used to estimate sev- 
eral astrophysical parameters, such as spectral type, effective 
temperature (Toff), gravity (log g), and radial velocity (RV); see 
Sects, inl and 13.21 The spectra of all three arms were searched 
for emission lines for which we measured the equivalent width 
(EW) and flux (/unc); see Sect. 



1x10-13 _ Kb 



S 8x10-1'! 




794 796 
X[nm] 



798 850 851 852 853 854 

X[nm] 



3. 1. Fundamental stellar parameters 



Fig. 2. Detail of the spectrum of DENIS 1048-3956 in the wave- 
length range around the Rb i and Cs i absorption lines. 



As shown bv iBasrietaH (l2000l) . the Rbl at A 794.76 nm and 
Cs I at A 852. 1 1 nm absorption lines are very sensitive to the ef- 
fective temperature of VLM stars and BDs. These two lines are 
very well detected in our X-Shooter spectrum (see Fig. |2]i. We 
measure equivalent widths of 0.09±0.01 nm and 0.06±0.01 nm 
for Rb I and Cs I, respectively. These values correspond to a 
tempera ture o f »245 0K according to the temperature scale 
by Bas ri et al.1 (l2000l) . consistent with a spectral type M9 and 
in agreement with pr evious values for the spectral type (e.g. 
iReiners & Basrill20I0l) . We have obtained an independent esti- 
mate of the spectral type us ing the spectral index PC 3 as de- 
fined by iMartm et all d 19991) and find a spectral type of M8.8 
that matches our above results. 

In order to derive other physical parameters, we use synthetic 
model spectra gathered fro m the star, brown d warf & planet 
atmosphere web simulator dAUard et al.l 1201 Ol) . electronically 



availably A grid of synthetic spectra was generated in the pa- 
rameter space 2300 K < Tcff < 2600 K and 4.0 < logg < 4.5, 
in steps of 100 K and 0.5 dex in Tcff and log g, respectively, while 
keeping v sin i — Q km s^^ and solar metallicity fixed. The liter- 
ature values for the rotational velocity of DENIS 1048-3956 are 
around 20km/s but at the resolution of the X-Shooter spectrum 
we are not sensitive to this parameter; see Sect. 13.2! 

In low-mass stars and BDs the Nal doublet at AA 818.33, 
819.48 nm is very sensitive both to Toff and logg. These lines 
were used to estimate temperature and gravity. We find a best 
match between observed and synthetic spectra for Toff = 2450 ± 
100 K and log g = 4.5 ± 0.5 dex (see Fig.O. The temperature 
is in good agreement with the value derived from the equivalent 
width of the Rbl and Cs I lines above. Fitting the Kl absorp- 

^ http://phoenix.ens-lyon.fr/simulator/index.faces 
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A [nm] 



10x10-1'' 
8x10-14 
6x10-14 


- Teff=2500 K 


1 




1 


log g=4.5 - 

log g-4.0 


4x10-1'' 
2x10-14 




1 






- 


760 


765 




770 


775 



A [nm] 

Fig. 3. Detail of the spectrum of DENIS 1048-3956 (thick solid 
lines) in the wavelength range around the Nal (upper panel) 
and Kl (lower panel) absorption doublets. The spectrum of 
DENIS 1048-3956 has been corrected for telluric absorption 
lines. The dotted line and the thin solid line represent synthetic 
spectra with Toff and log g as labelled. 



tion doublet at AA 766.48, 769.89 nm leads to a similar temper- 
ature, but the only way to obtain a reasonable fit to the wings 
of the lines is by using a synthetic spectrum with a lower grav- 
ity. This is shown in the bottom panel of Fig. |3] where the two 
synthetic models with log g = 4.0 and log g — 4.5, but with 
the same Tgff = 2500 K, are overplotted on the X-Shooter spec- 
trum. A similar result is obtained when using the Na I doublet 
at AA 588.99, 589.59 nm, although the S/N of the X-Shooter 
spectrum in this wavelength range is quite low (^7). From the 
above results, we conclude that reliable values for the tempera- 
ture and gravity of DENIS 1048-3956 are Teff = 2450 ± 50K 
and logg = 4.3 ± 0.3, respectively. 

3.2. Rotation and kinematics 

Literature values for the vs'mi of DENIS 1048-3 956 are re- 
ported to range from 18 to 30km/s (Delfosse etaTI 120011: 
iFuhrmeister & Schmitjl2004t iReiners & Basrill2009h . TTiese de- 
terminations are based on spectra with a much higher resolu- 
tion than our X-Shooter spectrum. Including also v sin i as a 
parameter in our fits does not change the results on the stellar 
parameters. We have cross-correlated the VIS X-Shooter spec- 
trum, corrected for telluric contribution, with a synthetic spec- 
trum with zero rotation. The syn thetic spectrum was retrieved 
from the web simulator of lAUard et al. (2010) matching both the 
resolution and astrophysical parameters of DENIS 1048-3956. 
The cross-correlation function shows an apparently broad but 
well detected peak. The width diminuishes when strong molec- 
ular bands are not considered in the cross-correlation. We mea- 
sured a width of 20 — 30km/s depending on the placement of 
the cross-correlation background. Thus, a reasonable value for 
V s'mi from the X-Shooter spectrum is 25 ± 5km/s, in agree- 
ment with previous measurements. 

We estimated the RV of DENIS 1048-39 by measuring the 
Doppler shift of several Nal absorption lines. The result, af- 
ter application of the corresponding barycentric correction (- 
4.6km s^i) is RV= -11.4 ± 2.0km s^^. This result is also 



in ag reement with previous RV determinations (iMontes et al.l 
12001). Using our radial velocity estimate and the proper motion 
components of the star, /Xq,coS(5= — 1178.4±12.7mas yr^^, 
fis^ - 986.4±12.7mas vr -\ retrieved from the PPMXL 
Catalog jRoeser et al.l 1201 Ot) . we can derive spatial velocity 
components of the star adopting the distance d = 4pc . 
The results, corrected by solar motion (ISchonrich et al.ll2010h 
in a left-handed coordinate system, are {U, V, W)=(+0.26 ± 
0.071, -hl3.6±1.9, -21.9±l.l)kms-\ where U, V, and W are 
directed towards the Galactic anti-center, the Galactic rotation 
direction, and the North Galactic Pole, respectively. These veloc- 
ity components make DENIS 1048-3956 kinematically consis- 
tent with those of th e galactic young disk population. Note that 
Mo ntes et al. I (l200l achieved a similar conclusion. We stress 
that these results are in line with the log g value derived for 
DENIS 1048-3956 in Sect. [TT] 



3.3. Emission line spectrum 

During the X-Shooter observation DENIS 1048-3956 presented 
a weak emission line spectrum resulting from chromospheric 
activity. We detect the Balmer series up to H8. He is clearly 
resolved from CallH. While CallH&K are in emission, the 
Ca II IRT is not detected, and no NIR emission lines are seen. 
The Nal doublet at AA 588.99, 589.59 nm is in absorption with 
central emission peaks in both lines. In this case, deriving the 
chromospheric losses requires subtraction of the photospheric 
absorption profile. We used the "spectral synthesis" technique, 
based on the comparison between the target spectrum and the 
best fit synthetic spectrum (Teff = 2500 K and log g = 4.0), that 
we use as "reference spectrum", to account for the non-active 
photospheric emission. The difference between the observed and 
the reference spectrum provides, as residual, the net chromo- 
spheric line emission, which can be integrated to find the total 
radiative losses in the line (see, e.g., Frasc a & Catala no 1994). 

We applied this technique to the Ha and the NalD lines 
while for the other emission lines it was not necessary be- 
cause the photospheric contribution in absorption is negligible. 
In Fig.mieft we show the spectrum of DENIS 1048-3956 in the 
Hq and Na I regions, together with the reference synthetic spec- 
trum, which is representative for the star in absence of chromo- 
spheric activity. The Ha profile is clearly in emission, while the 
Na I lines are in absorption with an emission core. The residual 
equivalent width of the lines has been measured by integrating 
the full emission profile in the subtracted spectrum (see right 
panel of Fig. HJ. The error on the EW {<tew) was evaluated 
by multiplying the integration range by the photometric error on 
each point. The latter was estimated by the standard deviation 
of the observed fluxes on the difference spectra in two spectral 
regions near the line. Final line residual equivalent widths and 
line fluxes for Na D and Ha are given in Table |2] together with 
those of all other emission lines. Note, that no helium lines are 
detected (e.g. HcID3 587.6nm) although these lines are often 
detected in the spectra of flare stars. For all lines in Table|2]ex- 
cept for Na D and Ha we have obtained the line flux by directly 
integrating the line profile in the observed spectrum. The uncer- 
tainties are determined from the local fluctuation of the contin- 
uum. 

A parameter of particular relevance for this study of multi- 
wavelength activity is log (Lna/iboi)- Taking account of the 
distance, the observed Ha flux corresponds to Lna = (3.8 ± 
0.8) ■ lO'^'^erg s^^. An alternative means of computing line lu- 
minosities involves the surface flux and radius of the star To 
derive the luminosity of a given line from the equivalent width. 
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Fig. 4. Left panels: Observed, continuum-normalized X-Shooter spectrum of DENIS 1048-3956 (solid line) in the Ha and NalD 
regions {top and bottom, respectively) together with the synthetic template (dotted line). Right panels: Difference of observed and 
template spectra. The hatched areas represent the excess emissions that have been integrated to get the net equivalent width. 



the surface flux of the continuum (F_^ ) must be kn own. We esti- 
mated the stellar radius from the COND03 models dBaraffe et alj 
l2003l) that best match the temperature and gravity, while 
was estimated from the flux calibrated synthetic spectrum of the 
same Toff and \ogg. In this way, we find i?* = 0.13 and 
^Ha ^ ■ 10'* erg/cm^/s/nm. The resulting line luminosity 
is L^ia — (6.3 ± 2.6) • 10^^ erg/s, which is in agreement within 
the uncertainties with the value derived from the integrated line 
flux. We compute the iHa/^boi value from the mean of the 



Ha luminosities computed with the two methods, and obtain 
lo g (LHa/i^boi) = —5.3 . This is similar to the value presented 
bv ' Schmidt et all (l2007 t) (log (Lna/Lboi) = -5.2 ) but much 
lower than the measurement of Fuhrmeist er & Schmitt (.20041) 
during a large flare (log (inaZ-^boi) = -4.0). 
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Table 2. Emission Hne parameters for DENIS 1048-3956 
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4. Multi-wavelength picture of activity on UCDs 

To better understand the nature of DENIS 1048-3956 we no-w 
put its multi-'wavelength properties into context with earlier M 
dwarfs and with other UCDs. For this purpose we have com- 
piled a list with activity diagnostics for UCDs comprising X- 
ray. Ha and radio luminosities, rotational velocity, and magnetic 
field strength. 

4.1. Flux-flux relations 

The relative radiative losses in different parts of the chromo- 
sphere and the corona can be quantified by relations between 
the radiation emitted in different lines. The connection between 
various chromospheric lines and soft X-ray emission has been 
shown for various samples of late-type main-sequence stars to 
result in power law relations between the fluxes, i.e. linear rela- 
tions in log-log form of the type log Fi = ci + C2 • log F2, where 
C2 is the power law slope and Fi and F2 are the surface fluxes 
of the two diagnostics. Observational results and also their in- 
terpretation have been ambiguous if not contradictory. In early 
studies, a spectral type dependence of the slopes has repeat- 
edly been found in comparisons of X-ray flux to chromospheric 
fluxes (Ha, Ca II Hh-K) with M dwarfs having a shallower slope 
than G dwarfs. These differences have been attributed either 
to an excess of chromospheric emission in M dwarfs (e.g. 
jSchriiver & Rutten 1987; Rutten et al. 19 ^9) or to a deficiency 
of coronal emission in G dwarfs (lDovyil989h . However, the 
lack of simultaneousness in the observations and the use of 
different techniques to determine chromo spheric fluxes by dis- 
tinct authors make this hypothesis frail. ( Marti nez- Arnaiz et alJ 
L2OI la, henceforth referred to as MAI 1) found that all the main- 
sequence dwarf stars seem to follow the same relation between 
the surface flux in X-rays and Ha, while differences are found 
for very active K and M dwarfs when comparing X-rays with 
Ca II hnes. 

ISchriiver et alj ascribe the minimum flux level ob- 

served for a given spectral type in chromospheric and transition 
region emissions to a 'basal' chromospheric flux that is due to 
non-magnetic heating of the outer atmosphere and needs to be 
subtracted when investigating flux-flux relations to probe mag- 
netic activity. In fact, only when the 'basal' chromospheric flux 
is subtracted, clear relations are found. We refer the interested 
reader to Sections 3.1 and 5. 1 of MAI 1 for a complete descrip- 
tion of techniques, previous works and results on this issue. 

MAI 1 have presented flux-flux relations combining a sample 
of nearly 300 single dwarf stars with spectral types from F to 



mid-M. Given the above caveats, it seems in order to examine 
flux-flux relations for stars of different spectral type separately. 
We examine here for the first time chromospheric and coronal 
flux-flux relations for UCDs by comparing DENIS 1048-3956 to 
the subsample of M dwarfs from MAI 1. The sample of MAI 1 
comprised 39 single dwarf stars with spectral types from MO to 
M5. MAI 1 identified two groups of M dwarfs. The 'inactive' M 
dwarfs follow the same relationships between Ha and various 
calcium lines (Ca II H&K, Ca II IRT) than those derived for the 
stars with earlier spectral type in the MAI 1 sample. The 'active' 
M dwarfs present an excess of Ha flux with respect to these 
relations. The 'active' and 'inactive' groups are distinguished by 
the former ones being saturated in terms of Lx/L}^o\ and being 
younger than the average. 

MAll have derived power law relations between calcium 
lines. Ha and for their total stellar sample. Here, we take 
into consideration only their M dwarfs and extend the study to 
the remaining Balmer lines. Equivalent widths for Ha to He 
have been measured from t he spectra presented by MAll (see 
Lopez-Santia go et al.ll2010l for a detailed description of the pro- 
cess) but have not been published so far. To obtain the sur- 
face fluxes f or the MAll sample w e make use of the x fac- 
tors given bv lWest & HawlevI (l2008h . The x factor is defined as 
Xi = /cont,i//boi where /cont.i is the continuun i flux near a cer- 
tain emission line i and /boi the bolometric flux. I West & HawievI 
(2008) have calibrated Xi as a function of spectral subclass from 
MO to LO from a sample of nearby dwarfs with flux calibrated 
spectra. Multiplying Xi with the observed line equivalent width 
yields the fractional line flux, /iine,i//boi, which is equivalent 
to the fractional line luminosity, Liinci/^boi- We obtain the in- 
dividual bolometric luminosity and the stellar radii required to 
convert luminosity to surface flux from the models bv lSiess et al.l 
(2000) assuming that all stars from the MAI 1 sample are on the 
zero-age main-sequence. 

As a result of the low spectral resolution of the SDSS spectra, 
IWest & HawlevI (I2OO8.) give a joint x value for Ca II Hh-K and 
He, while these three lines are resolved in the M dwarf sample 
from MAI 1 . Given the negligible variation of the continuum flux 
in the small wavelength range comprising these three lines we 
can use the same x factor to derive individual line fluxes for 
Ca II H, Ca II K, and He. 

In Fig. |5]we reproduce some of the plots from MAll in- 
cluding only their M stars. We examine only those relations for 
which we have measured data for DENIS 1048-3956, i.e. the 
study of the Ca II IRT is excluded. The flux for the Ca II IRT 
Une at A8498 A predicted for DENIS 1048-3956 from the flux- 
flux relation of Ca II K versus Ca II IRT A8498 from MA 1 1 is 
1.7 • IQ-^® crg/cm^/s. This is within the noise level in the X- 
Shooter spectrum making plausible its non-detection. Note that 
MAll have derived surface fluxes from empirical relationships 
between continuum flux at the line position and B — V color 
following Hall ( 1996). Therefore, there are slight differences be- 
tween their fluxes and those that we have derived with the 
factors. However, MAll have shown in their Fig. 2 that there 
is a very good correlation between the results of both methods. 
For DENIS 1048-3956 we prefer the fluxes obtained directly 
from the flux-calibrated spectrum with respect to those calcu- 
lated from x-factors because the former ones have much smaller 
uncertainties and are available for a larger number of lines. 

The error bars in Fig.|5]reflect uncertainties in the measure- 
ment of the line equivalent width and in the x-factors, and are 
dominated by the latter Additional errors in the assumption of 
the individual radii and distances are not taken into account. 
Stars from MAll with multiple observations are plotted at the 
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Table 3. Linear fit coefficients of flux-flux relationships for the 
M dwarfs from MAI 1 
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-1.02 ±0.94 


1.29 ±0.15 
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Notes. Linear regression fits are of the type log Fi — ci + C2 ■ log F2 
and C0I.3 gives the number of stars in the sample. 



mean of the measured flux with an error bar that represents the 
standard deviation of the individual measurements. The 'active' 
group defined by MAI 1 is recognizable as filled squares. 

We performed linear regression fits to this subsample of 
M dwarfs (dash-dotted lines in Fig. |5]l to be compared to 
the linear regressions derived by MA 11 and corrected by 
[Martinez- Arnaiz et al. (2011b) for the whole sample of F-M 
dwarfs (dashed lines). In Table [3] we give the values obtained 
for our linear regressions, including Balmer lines that were not 
included in MAll and for which data has been measured but 
not published before. Note, that we have carried out the fit- 
ting pr ocess using different techniques described byllsobe et alj 
(Il990l) . We report in Fig. |5] and in Table [3] the results from 
the least-squares bisector regression, a method that is adequate 
in cases where the intrinsic scatter of the data dominates over 
the measurement errors and that treats the X and Y variables 
symmetrically. The same tec hnique was used by MAll and 
iMartmez- Arnaiz et al.l (1201 Ibl) . making the results directly com- 
parable. Our power-law sl ope of Fg^ x vs . fo aH agrees well 
with that derived by Mart inez- Arnaiz et al.l (1201 lb), while that 
of Fhq vs. Fca K and of fx vs. Fna are sl ightly different from 
the results of IMartmez-Arnaiz et al.l (1201 lb ) considering the 1 a 
uncertainties. DENIS 1048-3956 is shown as green triangle in 
all plots and is not included in the fitting process (nor is any of 
the other UCDs that are shown in some of the plots as described 
below). 

First, we concentrate on some features in the derived flux- 
flux relations. While the CallH and CallK lines show a tight 
correlation, the plot of Ha versus Ca II K flux displays a very 
large scatter. Rather than a clear relation there seem to be two 
separate clouds of data for the 'active' and the 'inactive' stars. 
We note, that the scatter in this plot becomes even larger if stars 
of spectral types F-K are included. This is also the reason for the 
ve rtical offset of our linea r regression with respect to the results 
of lMartmez-Arnaiz et al.l(l2bl lb ) in Fig.Hb). In fact, MAI 1 de- 
fined their 'active' and 'inactive' sample on the basis of this plot. 
X-ray versus Ha flux shows a much clearer correlation, although 
also this plot shows considerable scatter. As an example for the 
flux-flux relations between Balmer lines, that are presented here 
for the first time for the MAI 1 sample, in Fig. |5](d) H/3 vs. Ha 
is displayed. Very tight correlations are observed for all combi- 
nations of Balmer line fluxes (see Table |3] for the results of the 
regression analysis). 

In Fig.|5jc) and (d) we include data on UCDs compiled from 
the literature. To obtain the individual surface fluxes for the lines 



from the published equivalent widths we have assumed radii be- 
tween 0.12 and 0.16 Rq depending on the spectral type, in ac- 
cordance with the predictions of the Baraffe et al. (2003) model 
atmospheres for high-gravity (log 5 — 4.5) M7-L0 dwarfs. 
Where more than one epoch of X-ray or Ha data is available 
for these objects we adopt the minimum measured value as rep- 
resentative of the quiescent emission. This is justified because 
the spectra of M dwarfs from MAll from which the flux-flux 
relations are derived represent snapshots for individual stars and 
this sample is, therefore, unlikely to be dominated by flares0 
Analogously, the position of DENIS 1048-3956 in Fig. |5] rep- 
resents its lowest observed coronal and chromospheric flux, i.e. 
the calcium and Balmer line fluxes from ourX-Shooter spectrum 
and our new XMM-Newton detection. 

Compared to the extrapolation of the flux-flux relations to 
low fluxes, DENIS 1048-3956 displays several deviations: In the 
relation between Ha and Ca II K flux DENIS 1048-3956 has an 
excess of Ha for its Call emission and in terms of CallK vs. 
Ca II H it is also outside by > 3 fi of the very tight relation. 
In X-ray vs. Ha flux DENIS 1048-3956 is marginally compat- 
ible with the relation derived for the MAI 1 sample. Similarly to 
DENIS 1048-3956, most of the other UCDs agree well with the 
extension of the X-ray/Ha relation of early-M dwarfs to lower 
fluxes. We mention in passing that the analysis of the UCDs did 
not comprise the spectral subtraction technique and, in princi- 
ple, all line fluxes may be underestimated. However, from our 
experience with DENIS 1048-3956 we do not expect this to be 
a notable effect. Two UCDs (PC 0025H-0447 and DENIS 1228- 
1547) for which we present new X-ray data in the appendix are 
highlighted by green circles. The deviation of PC 0025H-0447 
from the X-ra y/Ha correlation is d ue to its notoriously bright 
Ha emission (iSchneider et all 199 lb . Two UCDs (LHS 2065 and 
vB 10) for which we discuss below the Balmer decrements are 
also highlighted in different colors. Further UCDs with detected 
Ha emission beyond the lower end of the flux range shown in 
Fig.|5](c) have meaninglessly high upper limits in X-rays. 

4.2. H I line ratios 

Ratios between line fluxes are often used for flare stars to charac- 
terize the emitting plasma. We compare the Balmer decrements 
of DENIS 1048-3956 to those measured for other M dwarfs and 
the Sun (Sect. 14.2.1b and to the theoretical values predicted for 
different assumptions for the physical conditions of the emitting 
gas (Sect. 132211. 

4.2.1 . Observed Balmer decrements 

The Balmer decrements are here referred with respect to H/3. 
We computed the available Balmer flux ratios for the M dwarf 
sample from MAll and for DENIS 1048-3956. In addition, 
we computed fluxes for Ha and H/3 emission of two UCDs 



The range of observed Ha fluxes for the individual objects in our 
UCD sample is between 0.5 to 2dex. This is larger than the typ- 
ical short-term Ha variations (of a factor two in At < Ihr) ob- 
served on M dwa rfs (e.g. Cres po-Chacon et aPllOOd : iLee et alj|201(]l : 
iKruse et aLll201( j). These differences are probably due to the much 
shorter timescales examined in these latter studies and due to observa- 
tional biases in our sample in favor of UCDs that have caught attention 
due to flaring activity either in Ha or X-rays. Similarly, the majority 
of UCDs with an X-ray detection have displayed an X-ray flare, and, 
therefore, the mean of the observed fluxes is biased towards high val- 
ues making the lowest observed flux a better measure for the typical 
emission level. 
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Fig. 5. Relations between chromospheric and coronal activity diagnostics for the sample of M dwarfs from MAI 1 (red) with linear 
regression fits (red dash-dotted) and their variance (red dotted) and for comparison the fits derived by Martmez-Arnaiz et al. (201 lb|) 
for their whole sample of F-M dwarfs (black dashed): (a) Ca II K vs. Ca II H flux, (b) Ha vs. Ca II K flux, (c) X-ray vs. Ha flux and 
(d) H/3 vs. Ha flux. Also plotted, but not included in the fits, is in all panels DENIS 1048-3956 (green triangle), in panel (c) UCDs 
from the literature (brown circles, orange and yellow triangles) and two UCDs for which we present new X-ray data (PC 0025H-0447 
and DENIS 1228-1547; green circles), and in panel (d) two UCDs with both Ha and H/3 measurements from the literature (vB 10 
in orange and LHS 2065 in yellow; triangles represent quiescence and star symbols the flare state; the data points for LHS 2065 
correspond to four consecutive spectra tracking the decay of a large flare and show that in the course of the flare evolution its Ha 
and H/3 fluxes vary along the flux-flux relationship for earlier M dwarfs). 



from the equivalent widths given in the literature, the M8 
dwarf vB 10 (Bergeret al. 2008) and the M9 dwarf LHS 2065 
(Martin & Ardila 2001), using the appropriate x factor from 
IWest & Hawlev, (2008). For these two objects equivalent widths 
have been measured both during quiescence and during flares 
B For vB 10 and LHS 2065 the Ha/H^ ratio is lower during 

' For the sake of consistency with the literature on Balmer decre- 
ments during flares (in particular the solar data by iJohns-KruU et alJ 
( Il997t) ) we subtracted the quiescent line fluxes from the ones measured 
during the flare obtaining this way the 'flare-only' emission and corre- 



the flare with respect to the quiescent state. The four available 
measurements for LHS 2065 representing a flare in its decaying 
phase follow, similar to the case of vB 10, roughly the H/3/Ha 
flux-flux relation of earlier M dwarfs in Fig.|5] 

In Fig. |6] we compare our results for DENIS 1048-3956, 
vB 10, LHS 2065 and the early M dwarfs from MAll to the 



sponding Balmer decrement. In the case of LHS 2065, where the flare 
is represented by three of the four available Ha/H/3 measurements, we 
subtracted the fluxes of the last spectrum representing the quiescence 
from the fluxes obtained for the three preceeding spectra. 
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Fig. 7. Ha/H/3 flux ratio as a function of spectral type for M 
dwarfs. Same plotting symbols as in Fig.|6] The dash-dotted line 
denotes the mean over all spectral types for the BWHC07 sam- 
ple. 



Fig. 6. Balmer decrements for DENIS 1048-3956 compared to 
the M dwarf sample from MA I 1, the active M dwarf templates 
from Bochanski et al. (2007), the Sun from Johns-Kru U et alJ 
(1997)^nd the UCDs vB 10 (Bergeret al. 2008) and LHS 2065 
dMartm & Ard ila 2001). The latter two objects are plotted with a 
small horizontal offset for clarity, and we distinguish their flare 
phase (star symbols) from the quiescent state. Similarly, for the 
Sun the range observed during a large flare is shown as shaded 
area where the late flare phase is highlighted by a thin dotted line 
while the quiet Sun decrements are connected by a dashed line. 



average Balmer decrements given for 'active' M dwarfs by 
iBochiMiski etaH §.007) (henceforth BWHC07). These authors 
have defined template spectra for M dwarfs from a systematic 
analysis of more than 4000 spectra from the SDSS spectroscopic 
database. They define 'active' stars as those having EW^ia > 
1 A and Ha emission being detected with at least 3 a above the 
noise level. If we apply the same criteria to the MAI 1 M dwarf 
sample the total number of stars is reduced but the Balmer decre- 
ments do not chan ge significantly. Fig. [6] sh ows also the decre- 
ments measured by I Johns-KruU et al.l (Il997h (henceforth JK97) 
for the Sun during quiescence and the range observed through- 
out a solar flare. In general, M dwarfs have Ha/H/3 decrement 
more similar to solar flares than to the quiet state of the Sun. The 
exception is the Ha/H/3 ratio. As compared to quiescence, the 
solai- flare has higher Ha/H/3 ratio, while the UCDs LHS 2065 
and vB 10 seem to behave the opposite way. We caution that 
the error bars for the measurements of vB 10, which we deliber- 
ately omit in Fig.|6] are extremely large as a result of the poorly 
constrained x factors for late-M dwarfs. For LHS 2065 no un- 
certainties on the equivalent widths are given in the literature. 

The higher values for the decrements of BWHC07 with re- 
spect to those measured by us for the MAI 1 sample may be due 
to a spectral type dependence within the M class. BWHC07's 
decrements from H7/H/3 upward include only stars of spectral 
type M4 and later, while the MAll sample is restricted to MO- 
M5 stars. However, extrapolating this presumible trend to UCD 
spectral types one would expect the M9 dwarf DENIS 1048- 
3956 to have even higher decrements than BWHC07's stars. This 
is obviously not the case. On the contrary, the Balmer decre- 
ments of DENIS 1048-3956 are compatible with those of the 
earlier-type MAll sample. We caution that the fluxes in the 



Balmer decrements have been computed in different ways for 
the various samples. While for DENIS 1048-3956 we have inte- 
grated the spectrum over the wavelengths representing the line, 
for both M dwarf samples (MAll and BWHC07) the x factor 
has been used. BWHC07 have computed the decrements from 
a mean template spectrum for each spectral type, while for the 
MAI 1 data we have evaluated each spectrum separately and then 
calculated the mean of the measured decrements. 

The only decrement observed for the full range of M dwarfs 
by BWHC07 is Ha/H/3, which is indeed in perfect agreement 
with the value obtained for the MAll stars. BWHC07 remark 
that this flux ratio seems to become gradually stronger towards 
later spectral type. We display their measurements in Fig. [T] to- 
gether with our results for the MAI 1 sample. The latter one has 
very large error bars due to the small number of objects (be- 
tween 1 — 4) in each spectral type bin and the error propaga- 
tion into the flux ratio of the u ncertainties of the x fac tors. The 
latest spectral type for which iBochanski et al.l (l2007h present 
Balmer decrements is M8. The value for this spectral type de- 
rived from the SDSS sample is in perfect agreement with the 
quiescent value of vB 10. Fig. [T] shows also that our measure- 
ment for DENIS 1048-3956 extends the trend at the cool end 
with a sharp rise of the Ha/H/3 decrement. Although our for- 
mal error bars for DENIS 1048-3956 are considerable the result 
is bolstered by the quiescent decrement of LHS 2065, which is 
actually a lower limit. (Recall, however, that the errors for vB 10 
and LHS 2065, not shown in the plot, are even larger than those 
of DENIS 1048-3956.) 

4.2.2. Calculated Balmer decrements 

To determine the physical conditions in the region emitting the 
Balmer lines we calculated the flux ratios for different assump- 
tions: optically thick and optically thin gas in LTE and Case B 
recombination. 

For the optically thick LTE ca se we com p uted t he Balmer 
flux ratios according to Eq. 1 in iBarv et aTl (|2008|) from the 
Planck function. Optically thin LTE level populations are de- 
scribed by the Boltzmann distribution. We have adopted Einstein 
coefficients and oscillator strengths for the Balmer lines from 
the National Institute of Standard & Technology Atomic Spectra 
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Fig. 8. Theoretical predictions for Balmer decrements: (left) - Optically thick (dashed) and optically thin (dotted) gas in LTE and 
observed flux ratios for DENIS 1048-3956. For both the optically thick and the optically thin case the model with the temperature that 
best fits the observed decrements is highlighted as thick line, (right) - Grid of temperature and electron density for a recombining 
hydrogen plasma. Models compatible with the observed Balmer decrements of DENIS 1048-3956 are marked by large colored 
symbols: blue diamonds (HafH/3) and red asterisks (the higher-n decrements). 



DatabasJ^ A range of temperafiires from 2000 K to 20000 K is 
explored for both optically thin and thick LTE conditions. The 
predicted Balmer decrements are displayed in Fig. |8](left) to- 
gether with the observed values for DENIS 1048-3956. Opticafly 
thin LTE emission describes the trend of the Balmer decre- 
ments for DENIS 1048-3956 best for a temperature of 20000 K. 
Optically thick LTE plasma fits the data only for a very low tem- 
perature of 2500 K. Note that this value corresponds to the tem- 
perature in the photosphere of DENIS 1048-3956 (see SectlTTTi. 

The electron cascade and the population densities of the en- 
ergy levels in recombining hydr ogen plasma (Case B) hav e been 
determined using the method of IStorev & Humme? ('1995). We 
performed a grid of 191 models spanning temperatures in the 
range 2000 K to 20000 K and number densities of electrons in 
the range 10^ to 10^^ cm"'^. Models are produced and fitted to all 
observed Balmer decrements of DENIS 1048-3956. Fig.[8](right) 
shows the parameter space, where each black triangle repre- 
sents a model. We found no temperature/density combination 
that could simultaneously reproduce both the Ha/H/3 ratio and 
the higher Balmer decrements within the range of the observa- 
tional errors given in Table |2] The Ha/H/3 decrement is best fit 
by models (blue diamonds) with lower plasma temperatures and 
densities compared to models that fit the other Balmer decre- 
ments (red asterisks). If the Case B conditions apply, i.e. if the 
level populations of the plasma emitting the Balmer lines are 
determined by radiative cascades. Ha emission and the other 
Balmer lines must be produced in different regions, and Ha may 
be formed in a region of very low temperature. 



4.3. Radio versus X-ray emission 

Over the last decade, a database of sensitive X-ray and radio 
observations of UCDs has slowly been building up. The rela- 
tion between the emissions in these two wavebands has unveiled 
important differences in comparison to the X-ray/radio connec- 



The NIST Atomic Spectra Database is available at 
|http: //physics.nist.gov/PhysRefData/ASD/lines _form.html| 



tion observed in low-mass G KM stars. Detailed disc ussions are 
found, e.g., in lBergeii (l2006l) and lBerger et"al] ( l2010l) . 

Making use of data collected in previous studies, we show 
in Fig. |9] radio versus X-ray luminosity for UCDs. The obser- 
vations are complemented by our new X-ray measurement for 
DENIS 1048-3956. For the sake of enlarging the database of 
UCD activity, we also add unpublished X-ray observations of 
two UCDs that have in the past been observed in the radio band, 
PC0025H-0447 and DENIS 1228-1547, both plotted in green in 
Fig. |9l We describe these targets, the X-ray observations and 
their analysis in the Appendix. Both objects are undetected in X- 
rays according to our analysis and in radio (see Berger 2002). As 
seen in Fig.|9] their upper limits do not place strong constraints. 

The most evident feature in Fig. |9] is the violation of th e 
Benz-Giidel relation, first pointed out by Ber ger et al.l (l2005h . 
Secondly, we notice a dichotomy for UCDs in terms of their 
radio and X-ray emission: (A) Red in Fig. |9] is a group of 
objects with X-ray flares and persistent X-ray emission but 
no radio emission comprising LP412-31, LHS2065, vB 10, 
G1569B, and vB8. (B) Orange in Fig. |9] is a group of ob- 
jects with strong radio flares, mostly also with detected quies- 
cent radio emission but no or very weak X-rays (TVLM513- 
46546, 2MASS J0036159H-1821 10, LSR J1835H-3259 and possi- 
bly BRIB0021-0214). DENIS 1048-3956 (shown in green) also 
belongs to this latter group. LP944-20 is the only UCD for which 
flaring was observed both in the radio and in the X-ray bands. 
For all other objects no flares have been recorded so far in X-rays 
or radio, most of them have not been detected at either wave- 
length, and consequently they cannot (yet) be assigned to any of 
the two groups. 

The characteristics of the radio emission of group B has 
been shown to be very different from that of G, K, and early- 
M dwarfs. While their quiescent emission may be ascribed 
to gyrosynchrotron radiation as in GKM stars, a further, 
pulsed emission component which is highly circularly po- 
larize d has been found - TVLM 5 1 3- 46546 dHallinan et all 
120061) . 2MASSJ0036159H-182110 (iBerger et alJ l2005h . 
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Fig. 9. Radio vs. X-ray luminosity for UCDs including 
DENIS 1048-3956 (green larger symbols connected by the ver- 
tical line), PC0025H-0447 and DENIS 1228-1547 (both also 
shown in green and larger). The Benz-Giidel-relation for more 
massive late-type stars is represented by the black solid line and 
its extrapolation to low luminosities is dotted. The lowest ob- 
served emission level of each object is shown as a circle. Two 
groups with distinct flaring behavior in the radio (orange with 
asterisks for the flares) and X-ray (red with star symbols for the 
flares) bands are identified. Objects that can not be assigned to 
any of the groups (yet) are shown in black. 



LSR J 1 835-H3259 dHa flinan et alj |2008|) . and DENIS 1048- 
3956 (iBurgasser & Putmani,2005i) - overlaid on their quiescent, 
non-variable emission. The periodicities of the spikes are 
consistent with the rotation rate of the objects implying an 
origin in a beaming mechanism. This radio component has been 
shown to be consistent with ECM instability. High inclinations 
were derived for TVLM 5 1 3-46546, 2MASS J0036 1 59h- 1 82 1 1 
and LSRJ1835H-3259, leading Hallinanet al. (2008) to ascribe 
the radio detection of the ECM emission in these UCDs to a 
geometric selection effect. If this scenario is true, high inclina- 
tion is expected also for DENIS 1048-3956, an hypothesis to be 
examined by means of photometric monitoring search for its 
rotation period. 

Group A could in principle be composed of UCDs in which 
the viewing conditions do not allow us to observe the ECM 
pulses. However, the quiescent X-ray luminosities of its mem- 
bers are higher than those for Group B objects. It is also strik- 
ing that no coherent radio emitter is a strong and flaring X-ray 
source. Conversely, no flaring X-ray emitter is a (strong) radio 
source. (The exception is LP 944-20 for which the ECM mecha- 
nism has not been explicitly confirmed.) This leads us to search 
for a possible origin of the apparent differences. 

Al l group A objects exce pt G1569B are in the sample for 
which lReiners & Basril (l2007h have searched for magnetic fields, 
and strong fields between 1.3...3.9kG were detected in all of 
them. No direct magnetic field measurements are available yet 
for the groupB o bjects with the excep tion of DENIS 1048-3956 
(2.3 ± 0.4kG; Reiners & Basrill2010 ). This observational bias 
is related to the fact that the ability to measure fields depends on 
the rotation speed. Fast rotation makes it more difficult to detect 
magnetic line broadening. Fig. [TOl shows that stars in Group A 
are slower rotators than those in GroupB. The only fast rota- 
tor in Group A, G1569B, has a large uncertainty in its vs'mi 
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Fig. 10. Fractional radio and X-ray luminosity of UCDs versus 
rotational velocity; same plotting symbols as in Fig.|9l 



value. First. IZa patero Osorio et al.l (l2004l) give an uncertainty of 
^ 50% on their measurement of vsini. Secondly, G1569B is 
a spectroscopic binary and we have plotted the mean of the val- 
ues measured for the two BDs (30 ± 15 and 37 ± 15 km/s for 
G1569Ba and G1569Bb, respectively). Two further UCDs have 
exhibited X-ray flares, SCR 1845-6357 (Robrade et al. 201§ 
and RXS Jl 15928.5-524717 (Robrade & Schmitt 2009); black 
with asterisks for flares in Fig. [TO] While the former one has a 
very low limit for its quiescent X-ray emission, the latter one has 
a quiescent X-ray detection, i.e. it shows similar X-ray behavior 
to Group A. Both objects have not yet been observed in the radio 

band. 

It was recognized already bvl Berger et al.l (l2008h that the ra- 
dio and the X-ray emission of UCDs show opposite trends with 
high rotational velocity and that fast rotators violate the Benz- 
Giidel relation more severely than slow rotators. Their conclu- 
sion was that magnetic activity (as measured in the radio band) 
is regulated by rotation, and that the decline of X-ray emis- 
sion for fast rotators is ruled by secondary effects like inefficient 
plasma heating or coronal stripping. However, the X-ray detec- 
tion of the fastest rotators, Kelu 1 an d TVLM 5 13-46546, bot h 
with V sin i = 60 km/s according to iMohantv & Basril (l2003h . 
argues against a suppression of X-ray emission as a result of 
rotation. Kelu 1 (spectral type L) is also one of the coolest ob- 
jects in the sample. A possible explanation for the (apparent) ab- 
sence of ra dio pulses in G r oup A , besides the inclination effect 
put forth bv lHallinan eTal] (l2008h . is another selection effect re- 
lated to their longer rotation periods. For vsini ^ 10 km/s and 
a 'canonical' radius of 0.1 Rq the maximum period is ~ 0.5 d, 
much longer than the typical duration of the radio observations 
(typically 1 — 3 h). In most of the radio detected UCDs for which 
specific radio monitoring programs were undertaken a pulsed 
component was seen. The exception is vB 10 which did not show 
radio bursts in lO h of continuous monitoring with the VLA 
(iBerger et al.ll2008l) . However, with its low rotation of 6.5 km/s, 
the rotation period may be as high as 0.8 d, almost twice as long 
as the radio observation. 



5. Summary and Conclusions 

We have presented the first X-ray detection of the M9 dwarf 
DENIS 1048-3956 (logi^ [erg/s] = 25.1) and a broad-band 
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spectrum from the UV to the NIR from which we redetermine 
its stellar parameters (spectral type = M9, Tcs — 2450 ± 50 K, 
log5 = 4.3 ± 0.3) and kinematics (RV = -11.4 ± 2.0km/s; 
UVW space motions characteristic of the young disk). 

The flux-calibrated broad-band spectrum together with 
the X-ray data allow us to extend flux-flux relations be- 
tween chromospheric and coronal emissions into the regime 
of UCDs. We use the dwarf s of early- to mid-M type from 
iMartmez-Arnaiz eta n d2011bh as comparison sample for which 
we construct flux-flux relations between Ca II Hh-K, Balmer lines 
and soft X-rays. The correlations differ slightly from those de- 
termined by MA 11 in an analogous study that included stars in 
a broader range of spectral types (F-M). We compiled data from 
the literature for other UCDs. Given the large range over which 
the relations must be extrapolated from the early-M dwarfs 
to the UCDs including DENIS 1048-3956, the agreement of 
these objects with the flux-flux relations is reasonably good. 
Discrepancies regard for DENIS 1048-3956 an excess of Ha and 
X-ray emission with respect to Ca II. Calcium measurements for 
other UCDs are required to verify if this is a typical characteris- 
tic of UCDs. 

We have examined the Balmer decrements for DENIS 1048- 
3956 up to H8. A trend of increasing Balmer decrement towards 
later spectral type within the M class, identified in a SDSS sam- 
ple by BWHC07, is confirmed by our study in two ways: (1) 
We present the first measurement for M9 dwarfs (DENIS 1048- 
3956 and LHS 2065). Both objects show the highest Ha/H/3 
decrements measured so far within the M class. (2) The decre- 
ments /n//^ with n = 3. ..6 are lower for early-M dwarfs 
(MAll sample) than for late-M dwarfs (BWHC07 sample). 
However, contradicting this trend, the higher-n Balmer decre- 
ments of DENIS 1048-3956 are compatible with those of the 
early M dwarfs from MAll rather than with those of the (on 
average) later M dwarfs from BWHC07. 

The observed Balmer decrements of DENIS 1048-3956 can 
be reproduced by an optically thick low-temperature (2500 K) 
plasma in LTE conditions or by an optically thin high- 
temperature (20000 K) plasma in LTE conditions. The Case 
B recombination scenario is able to reproduce the decrements 
Hn/H/3 for n — 5 and higher for a range electron densities be- 
tween 10^^ and 10^^ cm~'^ and temperature > 10000 K but these 
models can not fit the Ha/H/? ratio and the Hq;/H/3 ratio seems 
to be produced in a region of lower density and temperature. 
For the densities and temperatures of the recombining plasma 
shown to describe the observed Balmer decrements from n = 5 
upwards one would also expect the detection of He 1 D emission, 
contrary to our observation. 

The high Ha/H/3 ratio of DENIS 1048-3956 is among the 
most curious findings of our study. It is this ratio that leaves 
doubts on the Case B interpretation, that leads to the low tem- 
peratures for the optically thick LTE scenario, and that is poorly 
fitted by any optically thin LTE model. That such high Ha/H/3 
ratios may be realistic, and possibly even typical, for UCDs is 
supported by the results for vB 10 and LHS 2065 that we ex- 
tracted from the literature. Nevertheless, we stress that the data 
for these two UCDs have very large or unknown uncertainties 
and, therefore, the only firm measurements of the Balmer decre- 
ments in UCDs available so far are from our flux calibrated X- 
Shooter spectrum of DENIS 1048-3956. 

Formally, the optically thick LTE emission provides the best 
match to the Balmer lines of DENIS 1048-3956. Comparing the 
measured line fluxes to the blackbody flux we estimate the line 
emitting area to be between 2 % (for Ha) and 100 % (for H8) 
of the stellar surface, which can be considered reasonable val- 



ues to the order of magnitude. We note that virtually all cases of 
Balmer line analyses treated in the literature refer to flares while 
for DENIS 1048-3956 we are dealing with non-flaring hydro- 
gen emission. An exception where Balmer line fluxes are given 
for quies cent emission i s the study of the M6 dwarf CN Leo by 
Fuhrmei ster et al.l (l2007h . For that case, the Balmer ratios H9/H/? 
to H15/H/3 can not be described by optically thick LTE plasma, 
and the lower Balmer lines are not available. The low tempera- 
ture of the optically thick LTE emission fitting the Balmer decre- 
ments of DENIS 1048-3956 suggests that the lines are emitted 
from just above the photosphere. This is at odds with the com- 
mon notion that the hydrogen lines in active stars are produced in 
the chromosphere at temperatures around ten-thousand Kelvin. 
The best-fitting optically thin LTE plasma provides such high 
temperatures. This model underpredicts the Ha emission but, all 
in all, seems to be more plausible than the low-temperature op- 
tically thick case. 

DENIS 1048-3956 clearly possesses a corona manifested by 
its X-ray detection, i.e. hot material of MK temperatures is 
present. Further complicating the picture, the X-ray emitting 
plasma of DENI S 104 8-395 6 may not be associated with the 
radio structures: iRavi et aP (|201 11) have ascribed the gyrosyn- 
chrotron radio component to emission from electrons stream- 
ing out in open field lines that can not confine coronal plasma, 
while the pulsed radio component represents ECM emission 
(Burgasser & Putman 2005), i.e. it has a physically different ori- 
gin from the X-ray photons. 

Our X-ray detection of DENIS 1048-3956 also adds a new 
data point to the poorly sampled group of stars with sensitive 
X-ray and radio observations. We tentatively identify two sub- 
groups of UCDs, X-ray flaring but radio faint objects with low 
rotation rate on the one hand and radio bursting but X-ray faint 
fast rotators on the other hand. DENIS 1048-3956 belongs to the 
latter class. At present it remains unclear if this distinction cor- 
responds to two physical populations or if it is produced by ob- 
servational biases. 

Appendix A: New X-ray observations of UCDs 

A.1. PC 0025+0447 

PC 0025H-0447 was identified bv lSchneider et alj ( 1199 lb as an M 
star with outstan ding Ha emission. On the basis of the lithium 
test Martin et aP (11999,) concluded that this M9.5 object is a BD 
with age < 1 Gyr. Variable veiling was ascribed to activity, given 
the absence of NIR excess that would indicate an accretion disk. 
What makes PC 0025H-0447 particular among the UCDs is that 
its very high levels of Ha activity are persistent without evidence 
for flaring. 

PC0025H-0447 was observed with Chandra ACIS-S on 
7 Dec 2001 for 66ksec (Obs-lD2579). We analysed the data 
with standard CIAC0 tools. A description of the data reduc- 
tion steps and calc ulation of upper limits can be found e.g. in 
IStelzeretalJ(l20T0) . 

No X-ray source is associated with PC 0025H-0447. We de- 
rive a 95 % confidence level for the count rate upper limit of 9.6 • 
10^^ cts/s in the 0.3 — 8keV band. Assuming a one-temperature 
thermal spectrum of logT[K] = 6.85, PIMMS yields the 
count-to-flux conversion factor, that, when combined with the 
upper limit count rate, gives the flux limit. The distance of 

' CIAO is the Chandra Interactive Analysis of 
Observations package provided by the Chandra X-ray Center 
( http: //cxc.harvard.edu/ciao/index.htmlj . 
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PC 0025+0447 has been reported to be 72 pc (iDahn et al.ll2"002l) . 

and we obtain logix [erg/s] < 26.2, one order of magnitude 
below the previous upper limit from ROSAT (Neuhauser et al. 
Il999h . With a bolometr ic luminosity of log (Lboi/-^©) = 
-3.62 dPahn et al.1 12OO2I) . the fractional X-ray luminosity is 
log (Lx/iboi) < -3.8. 

A.2. DENIS 1228-1547 

DENIS 1228-1547 stood out among the first stars identified by 
DENIS as being relatively young. An upper limit to the age 
of 1 Gyr and a maxim um mass of 55 Mju p was inferred from 
its lithium absorption dMartin et all Il997h. DENIS 12 28-1547 
is classified as L5 spectral type jKoerneretal] 119991). It was 
resolved into a nearly equal-mass binarv (iMartin et al.l Il999t 
[Brandner et al. 2004) with separation of ^ 0.28", i.e. unresolv- 
able by any present-day X-ray instrument. 

An archived XMM-A^evvfon observation (ObsID 0002740601 
and ObsID 0002740301) comprises 5.7ksec of EPIC/pn expo- 
sure and 11.3ksec of EPIC/MOS exposure. We analyzed the 
EPIC/pn data with standard XMM-Newton SASE3 tools. The 
highest sensitivity could be obtained by merging the data from 
the three instruments. However, the unknown relative sensitiv- 
ity introduces a significant uncertainty. EPIC/MOS is typically 
three times less sensitive than EPIC/pn, but depending on the 
source spectrum. Therefore, despite the shorter exposure time, 
we concentrate on EPIC/pn data only. 

DENIS 1228-1547 is not detected in this X-ray observation. 
Analogous to the case of PC 0025+0447 we derive a 95 % con- 
fidence upper limit for the count rate (0.007cts/s) and using 
the same assumptions for the spectral shape we obtain the flux 
limit. The trigonomet ric parallax of D ENIS 1228-1547 gives a 
distance of 20.2 pc (IDahn et al.l 1200 2). yielding an X-ray lu- 
minosity of log Lxj erg/s] < 26.6 and with log (Lboi/-^©) = 
-4.19 dDahn et all [2002h the fractional X-ray luminosity is 
log (Lx/iboi) < -2.8. 
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